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Abstract
In this paper, we present the development of accurate process simulations for the processes leading to the formation 
of the n-type (phosphorus doped) regions in high efficiency crystalline silicon solar cells. We consider the
Phosphorus profile formation either using POCl3 diffusion or by ion implantation; the results are applicable for the
formation of the Front Surface Field, emitter, as well as the Back Surface Field regions. The main focus in this paper 
was on the modeling of the oxidation process, both in terms of the oxide growth rate dependence on the substrate
doping concentration and on the doping diffusion enhancement due to oxidation. The detailed description of these
two phenomena allows for the accurate prediction of the doping distribution and the oxide thickness, enabling the
engineering of the junction formation based on process simulations. For the model calibrations we have used both 
POCl3 and Phosphorus ion implanted samples, annealed at various temperatures, durations and ambient conditions
(oxidizing or inert), so as to quantify the effect of transient and oxidation enhanced diffusion and dopant enhanced 
oxidation.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientific committee of the SiliconPV 2013 
conference
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1. Introduction
Even though the furnace diffusion process stands as the dominant doping technology for junction
formation in microcrystalline solar cells, the necessity for simplification of the fabrication process has
renewed the interest for ion implantation. Due to its directionality, it can be implemented along with hard
masks in order to form locally doped regions in Interdigitated Back Contact (IBC) and Passivated Emitter
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientifi c committee of the SiliconPV 2013 conference
Open access under CC BY-NC-ND license. 
Open access under CC BY-NC-ND license. 
264   Antonios Florakis et al. /  Energy Procedia  38 ( 2013 )  263 – 269 
Rear diffused (PERx) cells without using lithography. Among other advantages, high uniformity, run-to-
run reproducibility, accurate control of the dose, no PSG/BSG formation and precise profile engineering      
[1-3] promote ion implantation as a promising alternative to the mainstream POCl3 and BBr3 diffusion.  
On the other hand, furnace diffusion is a well-established technology, which offers significantly higher 
throughput than ion implantation and provides at the same time an effective removal  of Fe atoms 
(through gettering) that could be deleterious for the electrical performance of the cell, [4]. Moreover, it 
induces less damage into the crystal lattice, which is thus easier to be annihilated during the subsequent 
thermal treatment. The latter is an important advantage, as high damage levels are found to induce 
increased saturation current densities (J0e) and thus impact significantly on the device performance. 
In both cases, thermal oxides have been extensively investigated as passivation layers, as they can be 
formed during the dopant drive-in and thus simplify the fabrication process. In heavily phosphorus doped 
substrates, the oxide growth rate can be significantly enhanced - especially below 900 oC - as a result of 
the Doping Enhanced Oxidation (DEO) phenomenon [5]. Although DEO can be found for both types of 
dopants it is more evident for n-type dopants, where it can increase the oxide growth rate by a factor of 
four compared to undoped wafers.  
In this work, we are presenting a systematic modeling approach for the Phosphorus diffusion / 
activation kinetics and the oxide formation including the effect of the oxidation on the final dopant 
distribution.  
2. Experimental calibration and modeling description 
The calibration procedure is based on two separate experiments. In the first one, Phosphorus ion 
implantation was performed in p-type Czochralski double side polished 200 mm Silicon 
thickness). The implantation conditions were 10 keV energy / 2×1015 cm-2 dose / 45o tilt. In the second 
case, POCl3 furnace diffusion was performed in 4- - after 
a full SPM / HF pre-cleaning - an initial profile with 60 Ohm/sq. sheet resistance value. The post 
annealing schemes consisted of simple and well-defined steps in order to increase the validity of the 
calibration. The selected annealing temperatures and durations are representative for the annealing 
conditions used in actual fabrication schemes (800 to 1050 oC and 10 to 60 min). In order to capture the 
enhancement of the oxide growth rate due to the presence of high doping concentration at the surface 
(DEO), a set of undoped wafers has been annealed as well at the same conditions enabling to compare the 
oxide thickness values at each annealing condition. The oxide thickness was determined by means of 
ellipsometry measurements, the sheet resistance from four-point probe measurements (FPP) and the 
dopant profiles of selected samples from SIMS.  
For the modeling of the dopant diffusion and activation kinetics, the Synopsys Sentaurus Process 
(SProcess) TCAD tool [6] was used. The Advanced Models  set of models was selected as a basis for 
the further calibration process. However, in the ion implantation case, the defect-clustering model was 
[7]  [8], as it can reproduce 
the overall damage evolution from small Interstitial clusters to Dislocation Loops. Apart from the study of 
dopant atom transport and activation kinetics as driven by Transient Enhanced Diffusion (TED) [9], OED 
and dopant clustering, emphasis was placed on the full modeling of the oxidation process. As DEO in its 
turn, depends on the substrate concentration, the transport and oxidation equations should be solved in a 
coupled and self-consisted way. For this reason, we started by calibrating the diffusion during inert 
annealing, in order to optimize our models excluding any complications from OED [10] in order to reach 
agreement with the experimental results. Subsequently, the oxidation was modeled through a step-by-step 
approach, first by fine-tuning the oxidation process using the Massoud model [5] and then by expanding 
this to account for DEO. This procedure implies that the basic diffusion models and oxide growth rate 
calculations are intrinsically optimized for the oxidation/diffusion behavior in oxidizing conditions. A 
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natural by-product from these calculations is then the interstitial injection rate during the oxide formation 
enabling to calibrate the OE  [11].  
3. Simulation results 
3.1 Initial profiles 
For the accurate description of the implantation profile, a Monte Carlo simulation was performed using 
Crystal TRIM. As Phosphorus is a heavy ion, this implantation leads to significant levels of 
amorphization and thus a 20 nm continuous layer is formed. The latter will eventually lead to the 
formation of  End Of Range (EOR) defects during the subsequent annealing. 
At present we have not attempted to model the POCl3 indiffusion process but start from the SIMS 
profile corresponding to a sample created by the 60 Ohm/sq. POCl3 recipe (obtained after the PSG 
removal) which we term the -diffused  Phosphorus profile in the rest of the paper.  
3.2 Phosphorus diffusion and activation kinetics 
For the dopant diffusion and activation kinetics study, we have followed the calibration procedure and 
modeling as described in Section 2. In this section, we will discuss in more detail the most important 
aspects of the modeling. 
One of the most characteristic properties of Phosphorus is the formation of a kink, which distinguishes 
the high concentration region from the tail region, where dopants are far more mobile. This behavior can 
clearly be seen in the lower temperature annealing case (800 oC) for both doping techniques. This implies 
that in this temperature range, a significant amount of phosphorus atoms are incorporated into immobile 
cluster configurations, even at concentrations below the solid solubility limit (3-5×1020 cm-3 [12]). 
This had to b
properly the forward-clustering reaction rate, kf. One other important aspect is the increased contribution 
of vacancies in the diffusion at high electron concentration (1020<C<5×1020 cm-3 [13]) as vacancies can be 
found in large numbers. This effect may be attributed to the reduction of the vacancies formation and 
migration enthalpies due to the proximity of P atoms in this case. As for the selection of the dependence 
of extrinsic diffusion on Phosphorus concentration, following the approach of Dutton et al. [14], only the 
linear term was used, while the quadratic one was omitted. This approach is also supported by the data 
manipulation used by Pichler [15] in order to describe the extrinsic diffusivity.  
In the following section the simulation results from the POCl3 diffusion calibration are shown, 
separated in two different temperature regimes, so as to present  the different profile movement behavior 
in each case. Figures 1.a and b. show P profiles obtained from simulations and SIMS measurements for 
800 and 1050 oC, respectively. Similar level of accuracy was obtained in the 800 oC non-oxidizing case.  
The proper modeling of clustering and the Vacancy contribution to diffusion is illustrated in the matching 
in the upper part and the kink of the profile at the low temperature case. As Phosphorus is highly trapped 
in P3 clusters, the upper part of the profile is almost completely immobile at this temperature. The 
assumption for the high clustering level is supported by the increased sheet resistance values at this 
temperature. The limited effect of OED on the diffusion at high concentrations should be noted; on the 
contrary there is a contribution of OED in the tail of the profile. This was also confirmed by the fact that 
by switching off the OED contribution, it was not possible to reproduce the profile movement in the tail 
 by comparing SIMS 
profiles from samples that have (not) been oxidized. In each case the profile difference was located in the 
tail part of the profile which is controlled by the Interstitial-mediated diffusion. 
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Figure 2 illustrates the sheet resistance dependence with temperature and annealing time as extracted 
by TCAD (dashed lines) and FPP measurements (solid lines). Although TCAD always slightly 
overestimates the sheet resistance, it follows in every case the same trend, whereby the maximum 
discrepancy is below 10%. 
In the ion implantation case, emphasis was given to the correct initialization of the interstitial 
concentration profile, in other words the number of the interstitials generated per implanted Phosphorus 
atom. It is evident, that the initial interstitial population will affect significantly the dopant diffusion and 
activation kinetics during the subsequent post annealing. Unlikely to the Boron case, where interstitials 
 
dependent on the initial dose. In SProcess this behaviour is modelled by the MCIFactor, whose value was 
set as a free parameter and found to give the optimum results when being in the range of 0.05 to 0.10 for 
the dose value that has been used. In figure 3, simulated and SIMS profiles are shown for the 950 oC case, 
either at oxidizing conditions or not (SiNx capping layer). The profile shift due to OED is significant, and 
increases with the annealing duration. 
 
       
Fig. 1 Phosphorus profiles for POCl3 diffused samples annealed under oxidizing conditions at (a) 800 and (b) 1050 oC. 
 
Fig. 2 Sheet resistance values (SP: dashed lines and 4pp: solid 
lines) for POCl3 diffused samples sustained annealing at 
oxidizing and inert conditions. 
Fig. 3 Simulated and measured Phosphorus profiles for ion 
implanted samples at 950 oC. Note the higher diffusivity in the 
oxided samples, due to OED. 
(b) (a) 
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Fig. 4 Sheet resistance values (SP: dashed lines and 4pp: solid 
lines) for ion implanted samples annealed under oxidizing and 
inert conditions. 
Fig. 5 Simulated (dashed) and experimentally (solid lines) oxide 
thickness values for both doping techniques and for a wide 
temperature and annealing duration range. 
 
Regarding the sheet resistance, for the two highest temperature conditions, the simulations results are 
in close proximity to the FPP measurements, and follow the same trend (Figure 4).  
In both cases, depending on the temperature, we can distinguish two different regimes with a balance 
between dose consumption due to oxidation and profile movement due to diffusion. Obviously, their 
relative contribution impacts directly on the sheet resistance evolution. In the low temperature regime, Rs 
is expected, as the upper part of the profile is completely immobile and the oxide growth rate is rather 
high due to DEO thus consuming a lot of dopants. In the high temperature case, the opposite trend is 
observed as we have complete cluster dissolution and relatively high diffusion (P diffuses fast at elevated 
temperatures), so the oxide formation consumes less dose, leading to a decrease of Rs. 
3.3 Study of oxidation and DEO 
An important remark has to do with the effect of oxidation on the residual damage levels after the post 
implantation annealing. For every case that has been simulated, oxidation led to increased populations of 
interstitials agglomerated in Dislocation Loops defects. These defects are created during the thermal 
treatment and are quite stable even at high temperatures [16], while their size and population is governed 
by the two Ostwald ripening regimes (conservative or not). In the case of inert annealing, the conservative 
Ostwald ripening takes place, while at oxidizing conditions the non-conservative ripening occurs. The 
latter is triggered by the interstitial injection from the oxide to the silicon substrate  (which is also the 
cause of OED) [17], in order to reduce the lattice stress during the oxide formation. Due to the higher 
population of the available interstitials in the vicinity of the loops, the size of the latter increases, making 
them less susceptible to the dissolution processes as the annealing evolves. As a result, there is a 
significant increase in the residual damage levels, a fact that can lead to higher J0e values as they act as 
recombination centers for the SRH bulk recombination [18]. The residual damage effect should be taken 
into consideration when designing annealing schemes that include oxidizing conditions, and usually the 
se approach [19] can reduce the stability of DL and thus, the obtained J0e 
values. 
As mentioned before, the calibration procedure was initialized by performing a fine-tuning of the 
Massoud model parameters for bare silicon. The Massoud model adds an extra term to the standard Deal 
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and Grove model, which describes an experimentally observed enhancement in the oxide growth rate in 
the early stage of the oxidation. The initial simulation values for undoped wafers were always below the 
experimentally determined ones. By slightly tuning the pre-exponential factor, we were able to reproduce 
the oxide thickness values for all the range of temperatures and annealing durations.  
The next step was the description of the enhancement of oxide growth rate, due to the presence of 
dopants in the substrate. The underlying mechanism for this increase, in the n-type doped case, is based 
on the higher number of vacancies available below the Si/SiO2 interface, at highly doped regions. The 
increased concentration of n-type dopants increases the Fermi level above the EV- and EV= levels. 
Therefore, it is easier for the oxide to expand by consuming these extra vacancies. The modeling of the 
DEO is based on a semi empirical expression that takes into account the equilibrium along with the 
modified (due to the presence of dopants) vacancy concentration and the temperature. DEO is more 
pronounced in the low temperature regime, as it can clearly be seen in figure 5, which presents area-
averaged oxide thickness values for undoped (dotted lines), Phosphorus I/I (solid) and POCl3 (dashed) 
doped substrates, at different annealing temperatures and durations. With the exception of the POCl3 + 10 
min at 800 oC condition, where there is a 50% difference, in all other cases the observed discrepancy 
between simulation and ellipsometry results is below 5%, illustrating the accuracy of the DEO modeling. 
4. Conclusions 
The accurate prediction of the annealing effect for the Phosphorus atoms for the formation of n+ 
regions (emitters / BSF / FSF) in high efficiency solar cells is of paramount importance, as it can optimize 
the operation of the device and reduce the associated R&D costs. As both POCl3 diffusion and 
Phosphorus ion implantation options are currently used, this paper presents results from process 
simulations on each case, taking into account all the major phenomena (TED, OED and DEO) that affect 
the profile movement and the oxide formation in a self-consisted way. These results will be subsequently 
imported in device simulations, in order to correlate the effect of the oxidation sequence and the damage 
evolution to device related features, such as J0e so as to provide guidelines for the cell design 
optimization. 
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